is an open access repository that collects the work of Arts et Métiers ParisTech researchers and makes it freely available over the web where possible. The work in this article deals with the measurement of temperature fields inside and near the weld pool during laser welding. The laser source used for this study is a 7.5 kW CO 2 laser, and the welded material is a UNS N08904 austenitic stainless steel. The principle behind the actual experimentation is relatively simple: the welding operation is recorded with a charge coupled device camera equipped with infrared filters; after calibrating the camera sensor and image processing, the temperature distribution in the weld pool and near the melted zone is revealed.
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I. INTRODUCTION
To better understand thermomechanical phenomena that occur during laser welding, it is necessary to know the temperatures inside the weld pool and near it. Many numerical simulations can be found in the literature, [1] [2] [3] but little experimental data concerning thermal cycles inside the weld pool are available. The great difficulty of such experiments is the very high temperatures that are reached by the treated material, especially steels. In this article, we describe the experimental method used to determine the thermal field around laser impact during welding of austenitic stainless steel. The study is conducted on 8 mm thick sheets. Two characterization methods have been used. The temperature inside the material is determined with thermocouples, and that on its surface is determined by use of a charge coupled device ͑CCD͒ camera equipped with infrared ͑IR͒ filters. The results obtained by these two methods may be used as a database for numerical simulation.
II. PRESENTATION OF THE EXPERIMENTAL PARAMETERS
The material used is austenitic stainless steel UNS N08904 ͑CLI URB6™͒, which contains low phosphorus and sulfur levels. The actual composition is given in Table I .
The sample size was chosen so that the temperature at the border remains approximately constant ͑i.e., room temperature͒. To control this, eight thermocouples were placed along the sample, and the border temperatures during welding were recorded. These measurements gave us a sample size of 215 mmϫ80 mm. Moreover, to reproduce the mechanical behavior of a massive piece, the samples were bridled on a steel block with six screws. Finally, to avoid gap problems between the two sheets, fusion lines ͑keyhole welds͒ were realized, instead of real welding of the two separate sheets ͑Fig. 1͒.
III. THERMAL MEASUREMENTS WITH THERMOCOUPLES
The temperatures measured ranged between 1000 and 1800°C ͑the melting temperature of UNS N08904 is 1380°C͒. That is why tungsten ͑W5 type͒ thermocouples were used. They have a good resistance to high temperatures, and their small diameter ͑0.2 mm͒ results in a small temperature lag time. The diameter of the entire thermocouple was 1.2 mm ͑including the tungsten wires and sleeving͒. The thermocouples were placed inside the samples, 4 mm under the surface, into 1.4 mm diam holes made by electroerosion, inclined 20°from horizontal to disturb the thermal fields as little as possible ͑Fig. 2͒. Eight samples were machined, then two thermal cycles were characterized ͑four measurements for each thermal cycle͒. Because thermal cycles are very short during laser welding, it was necessary to choose a sufficiently high acquisition rate. The maximum rate authorized by the system used is 100 measurements per second providing that there is only one thermocouple at a time working. Then, we had to put one thermocouple per sample in place and perform as many weldings as necessary. The process parameters chosen for the two thermal cycles were very close: 5 kW, 0.5 m/min and 6 kW, 0.5 m/min. The results obtained are similar for these two cycles, that is why we shall present just the latter one. The widths of the melted zones are approximatively 7 mm on the surface of the sheet and 2 mm inside the material ͑Fig. 3͒.
The curves in Fig. 4 show the evolution of the thermal gradients inside the samples with time. Time 0 indicates that the laser beam is situated on a given point ͑the temperature maximum in the center of the weld͒, and abscissa 0 represents the center of the weld ͑the X axis being perpendicular to the joint͒.
Upon arrival of the laser beam, there is a sudden rise in temperature in the center of the weld, whereas the rest of the sample remains cold. Very quickly, heat is transmitted by conduction to the rest of the sheet. The result is that the zones most distant from the center of the weld start to heat up while the nearest zones start to cool down. This is shown by the progressive slope of the curves. At the end, these curves become parallel, and the entire sample cools down. This phenomenon, so called differential heating, is very important in explaining deformations during welding. 4 Figure 5 gives a different concept of heating differences according to the distance of the point measured from the center of the weld. For instance, points which are 2 mm from the center of the weld receive maximum thermal flux 5 s after the beginning of the recording.
IV. SURFACE TEMPERATURE MEASUREMENTS WITH AN IR-CCD CAMERA
In order to complete these observations, we have measured surface temperatures using a CCD camera equipped with infrared filters. Two additional cycles were completed: 5 kW, 0.4 m/min and 6 kW, 0.5 m/min.
Infrared imagery consists of recording an image of light intensity emitted by a fixed wavelength target in the infrared domain. Usually this method is conducted with thermal cameras equipped with light intensity sensors sensitive to wavelengths that are often far ͑several microns͒ from the visible. The construction of infrared cameras is complex, and special materials are needed for optical sensors, an optomechanical scanning system ͑used to read images͒, temperature balance of the equalization system ͑used to avoid measure drift due to camera heating͒, rigorous calibration etc. 5, 6 This method is not very easy to use.
To perform our experiments, a classical CCD camera was transformed into a pseudothermal camera. The CCD sensor of the camera has to be sensitive to infrared radiation ͑usually the nearest infrared͒. This related technique permits an initial approach to temperatures inside the weld pool and near it with sufficient accuracy for our purpose.
The camera chosen has good features in the infrared domain ͑seen in Fig. 6͒ . CCD classical cameras are sold with a ''cold filter,'' which ''cuts'' the infrared radiation for common application or use. In our case, it is necessary to take this away. The interaction between the laser beam and the treated material gives high intensity radiation because of the melted pool and the surface plasma. It is necessary to do a filtration of the major part of this radiation. It is known that plasma radiation takes place preferentially in low wavelengths and in the ultraviolet zone. 7 So it is interesting to observe the weld pool in the infrared domain since the residual plasma radiation will be lower. However, the experimentation wavelength bandwidth is limited by the camera sensor technology. Figure 6 shows that total infrared radiation is cut at 1200 nm. The working wavelength is chosen as 1100 nm. To avoid the camera sensor from being saturated with light, and in order to be able to consider the material as a graybody, the wavelength bandwidth must be very narrow. The previous conditions imposed the use of an interferential filter, 1100 nm centered and 10 nm width. It is a standard filter that is a good compromise between cost and technical needs. And it is useful to indicate a problem due to the filter. Because of the technical properties of the filter, on the recorded images we can observe interference rings, which exist for a large range of optical adjustments. The result is that the image obtained is an overlap of the original image and the interference rings ͑see Fig. 7͒ . In order to solve this optical problem, it is necessary to increase the size of the lens aperture of the camera, bring the camera as close as possible from the measured point, and increase the wavelength bandwidth of the filter used.
In practice, none of these solutions was applicable to the experiment because of the space required on the laser machine and because of an increase in the total installation cost. The remaining solution is a posttreatment computing, which will be explained later.
Analysis of infrared radiation is dependent on the emissivity of the material. The material's emissivity is related to numerous parameters: direction, surface quality, physicochemical state, temperature etc. [8] [9] [10] First, it is necessary to choose a good angle of observation, taking into consideration spectral emissivity, minimization of geometrical aberrations, and the space required for the entire device. The maximum observation angle obtained was 70°. Gaseous protection is realized with helium in a glove box. Images are transmitted to the camera by two convergent standard BK7 lenses ͑Fig. 8͒. Braces are placed between the objective and the camera's CCD sensor to correctly magnify the zone being observed. But, there was a big problem: vibrations of the machine tool. To eliminate them, it was necessary to put the entire optical device on an antivibrating carpet.
Images are stored using a video recorder ͑25 images per second͒. This is a sufficient speed in this case because the welding speed is too low ͑0.5 m/min͒ as are the temperature changes associated with it. ''Key'' images are then located precisely and digitalized before analyzing.
Before analyzing the images, it is necessary to do a calibration of the entire optical device, i.e., the camera ϩ the interferential filter ϩ the lenses associated to the test configuration ͑observation angle, distance to the sample, etc.͒ in order to relate the gray levels to the surface temperatures. Several methods are possible depending on the temperature range. In our case, we used direct calibration, which means that the variable emissivity and other phenomena like plasma are directly integrated. To do that, a sufficient surface area of the material is uniformally heated with a defocused laser beam; the image ͑gray level͒ is recorded with the same optical device as that described previously, while the temperature is measured simultaneously with a thermocouple placed just under the heated surface ͑Fig. 9͒. A comparison of the two results ͑thermocouple data and recorded images͒ allows one to relate the gray level recorded to a given temperature. This test is repeated for several temperatures, and it gives a calibration curve ͑Fig. 10͒. The great advantage of this calibration technique is that the emissivity and other unnecessary effects ͑like plasma radiation, for example͒ are totally integrated into the measurements. It is then certain that a given gray level is associated to the real temperature.
It appears that the CCD camera sensor equipped with the infrared filter was sensitive in the 1000-1800°C temperature range. According to the shape of the curve ͑Fig. 10͒, it appears that if the gray level error is considered as being constant, the error in the corresponding temperature may vary, and is more important in the curve extremities. The major source of error concerning the real values of the temperature is the variation of the emissivity of the material during welding ͑the steel becomes brighter after solidification of the melted zone͒. According to data in the literature, 11 the emissivity of rough stainless steel can be estimated as approximately 0.7 and its emissivity when polished is approximately 0.5. A rapid calculation using blackbody and graybody laws reveals that the error made in the temperatures is less than 8% at 3000°C ͑2% at 1800°C͒. According to the experimental conditions, a final maximum error of 10% can reasonably be expected.
The problem of interference rings observed during the experiments is solved by averaging the gray levels for a given temperature range. An algorithm was developed, which associates a temperature range to a gray level range according to the calibration curve. Using the algorithm, images in the gray levels are automatically converted into thermal cards showing isothermal domains. Figure 11͑a͒ shows an example of a gray level primary image, and Fig. 11͑b͒ shows the same image after computing the analysis.
After welding, the image of the joint was recorded, and this allows one to determine the limit of the melted zone ͓Fig. 12͑b͔͒. When compared with the temperature distribution, it can be observed that the temperature range at that limit ͑1300-1405°C͒ is in quite good agreement with the melting point of the steel ͑1380°C͒.
The maximum temperatures detected are higher than 1770°C. A saturated zone appears ͑Ͼ1770°C͒, which probably corresponds to the keyhole location.
One can also observe in the images weld pool asymmetry, which can easily be explained by plasma displacement due to protection gas. Moreover, for temperatures below the melting temperature, there seems to be an optical aberration: isothermal lines are distorted, which could be due to the radiation induced by laser-material interaction on the surface of the steel. But there is also another explanation of this phenomenon: as previously mentioned, the plasma is blown by the protection gas, and this can create additional heating of the zone close to the keyhole.
V. CONCLUSION
Four different thermal cycles that occur during welding have been discussed in this study. The method which was used gives satisfactory results: good sensitivity to experimental parameters was exhibited. Many differences can be revealed between very close thermal cycles. For instance, the weld pool is wider for a 6 kW 0.5 m/min cycle than for a 6 kW 0.7 m/min one. So this experimental method is well adapted to characterize thermal surface phenomena inside and near the weld pool. The temperatures reached are difficult to access by any other method. The most original part of this work is the camera sensor calibration, which takes the total environment ͑emissivity, plasma interference, operating conditions, etc.͒ into account. In order to do so our technique needs one calibration per material and welding configuration.
A great number of images have been realized, and they will allow us to calibrate a finite element simulation of laser welding. Moreover, similar experiments will be soon conducted on other materials ͑duplex stainless steels, for instance͒ and for other welding processes ͑particularly GTAW͒.
